Abstract-this paper presents a novel method of modeling internal faults in a power transformer. The method leads to a model which is compatible with commercial phasor-based software packages. Consequently; it enables calculation of fault currents in any branch of the network due to a winding fault of a power transformer. These currents can be used for evaluation of protective relays' performance and can lead to better setting of protective functions.
I. INTRODUCTION
Here is an ongoing need to develop analyses and systems for better protection of power systems. Transformers are widely used in the power system and are among the most important and the most expensive equipments. Failure of a power transformer may lead to loss of power in parts of a system, which can be costly and inconvenient for customers. Therefore; the protection of power transformers is of high importance.
The internal short circuit currents for a transformer may be larger than its terminal short circuit currents. Accordingly, high current stage protection is used in transformer differential protection in order to protect transformers against such large internal short circuit currents immediately.
Therefore, for adequate power transformer protection, an accurate method of calculation of internal faults should be available.
There are several researches in the area of simulation of internal faults in a power transformer [1] - [4] . Nevertheless; all of these methods consider that the transformer is separated from the network. However; transformers are always used inside an actual power system. Therefore; the contribution of the network in an internal fault in a transformer should be regarded. Moreover; none of the previous methods is capable of considering the transformer internal faults in short circuit analysis, and none has been addressed in the practical fault analysis standards (such as IEC, IEEE, etc.).
Calculation of fault currents due to a winding fault of a power transformer, not only at the terminals of the power transformer but also in any branch of the network, was the motivation for doing this study.
This paper presents a method of modeling internal faults of power transformers in phasor-based fault analysis. The model is fully compatible with software packages which are using phasor-based fault analysis. Moreover; it considers the contribution of the network surrounding the transformer, and can calculate the fault currents in any branch of the network.
The winding fault can be single phase to ground or two phase to ground or three phase to ground. Although internal two phase to ground fault and three phase to ground fault rarely happen in a power transformer, the model enables calculation of fault currents in these situations too.
II. TRANSFORMER MODEL

A. Basic Transformer Model
The basic transformer model used is the one presented in [5] . In this model, the excitation and short circuit tests in positive and zero sequences are used to compute two matrices [R] and [L] modeling for a healthy transformer. In the case of a three phase transformer, with two windings for each phase, these matrices are of order 6 as shown in (1)- (2).
(1) (2) Where Ri and Li are the resistance and self-inductance of coil i, and Mij is the mutual inductance between coils i and j, see Figure 1 . This model is based on the physical concept of representing windings as mutually coupled coils. The method of calculating the two matrices' elements is summarized below. However; all theoretical details relating to this model are explained in [5] .
If the winding resistances are known, the [R] matrix is known. If they are not known, they could be calculated from load losses. For two-winding transformers, one could assume that per unit values of primary and secondary resistances are equal [5] . For calculation of the [L] matrix, at first, it is assumed that it is of order 2, as shown in (3). (3) Where a, b are the primary and secondary windings of the three-phase power transformer. Each of the elements of (3) is replaced by a 3×3 sub matrix so that [L] will be of order 6 as in (2) . The 3×3 sub matrices are as shown in (4). (4) Where Ls is the self inductance of a phase or leg and Lm is the mutual inductance among the three phases or legs. These self and mutual inductances are related to the positive and zero sequence values L1 and L0 by (5) (6) Positive and zero sequence inductances of the winding "a" are calculated from the exciting current of the positive and zero sequence excitation tests, if "a" is the excited winding.
Equations (7), (8) are valid in per unit values. For the other windings, it is reasonable to assume that the per unit inductances are practically the same as in (7), (8) . With the diagonal element pairs known, The off-diagonal element pair values (Ls-ab, Lm-ab) are calculated from the short circuit input inductance with (9) . (9) Lab, Lba are calculated separately for positive and zero sequences, and then the values will be converted to the Ls, Lm from (5), (6) .
B. Faulty Transformer Model
In order to model a transformer with a fault between a coil and earth, the faulty coil is divided into two parts [1] . See The 7×7 diagonal matrix [R] will be determined with the help of following relations:
Where n1, n2 are the number of turns of coils 1,2. n is the number of turns of whole phase, and Ra is the total resistance of the healthy phase (R1 in (1)).
For determining the 7×7 matrix [L], the elements related to faulty sub-coils 1 and 2 must be calculated. The other elements are known from the basic transformer model, which is described in the previous section. The method used for calculation of elements associated with faulty sub-coils is like [1] , which is verified by experimental results. The difference between model used in this paper and the model presented in [1] is that the model in [1] is a transient model, but the model here is its steady state version.
III. MODELING THE SURROUNDING NETWORK
In order to model the power system surrounding the transformer, two-port thevenin equivalent circuit concept is used [6] . Consider the transformer shown in Figure 3 . It is located between busbars p and q in a power system. In order to model the surrounding network by mathematical equations, the transformer is separated from the power system first. Then the thevenin equivalent circuit is calculated: (12) Where Zpp-1, Zpq-1, Zqp-1, Zqq-1 are positive sequence elements of the ZBUS matrix. Vp 0 , Vq 0 are pre-fault voltages. The same relation exists for negative and zero sequence networks. However; pre-fault voltages of these networks will be zero. 
IV. COMBINING TWO MODLES
Transformer and network models are described in the previous sections. The two models must be combined so that the currents in both sides of the transformer can be calculated. The transformer equations with one faulty phase are:
And the network equations are as shown in (15). In order to combine two sets of equations, network equations must be transformed into a suitable form. Accordingly, the two relations below are used:
(17) In this case, by combining the transformer and the network equations there will be 7 equations and 8 variables.
Therefore; an additional equation is needed, for the system will be deterministic as written in (19), (20): (21) (22) The method used for analysis of two or three phase to ground faults is similar to the method which is already presented.
In order to calculate fault currents in other parts of the power system, two sets of currents in primary and secondary sides are transformed into the sequence components. Then, these sequence currents will be injected into the appropriate sequence ZBUS matrices. Therefore; voltages and currents in other parts of power system will be calculated. It should be noted that the corresponding ZBUS matrices of the power system is calculated without considering transformer, i.e. the transformer is separated from the power system.
V. SIMULATION RESULTS
For demonstration of performance of proposed method two simulations has been carried out.
A. Comparison between two faulty transformer models
A comparison is made between transient [1] and steady state models of faulty power transformer, and Figure 4 shows the system model used for this comparison. The transformer is 230kv/109.8kv with YgYg winding connection.
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B. Simulation of the proposed method
A sample network is shown in Figure 13 . The faulty transformer is located between sub1 and sub2 busbars, to which primary side winding and secondary side winding of transformer are connected respectively. A single phase to ground fault is located in the primary side winding as shown in Figure 12 . The transformer's winding connection is DYg1. A single phase to ground fault is set at the primary side terminal of the transformer (phase a), and fault currents are compared with the results of a commercial phasor-based software2. The two sets of currents are shown in table IV.
Magnitude and angle of the currents are shown. The closeness of the two sets of currents shows that modeling of the network surrounding the transformer and its combination with faulty transformer model is done accurately. Then, the fault point is moved from terminal of phase a to the terminal of phase c. Magnitude of the fault currents are shown in Figs. 14, 15. If fault point is in the middle of the faulty phase, fault currents of the phases a, c of the primary side are expected to be equal as in Fig. 14. Fault currents in phases b, c of the secondary side are also equal, which shows that the model is correctly performed.
VI. CONCLUSION
A new modeling approach has been developed which enables calculation of the transformer internal faults in short circuit analysis. The model is validated and is compatible with phasor-based software packages. Therefore; it can be widely used for the purpose of protection of power transformers and power systems. 
